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Accumulation of toxic metals in the environment represents a public health and wildlife concern. Bacteria resistant to toxic met-
als constitute an attractive biomass for the development of systems to decontaminate soils, sediments, or waters. In particular,
biosorption of metals within the bacterial cell wall or secreted extracellular polymeric substances (EPS) is an emerging process
for the bioremediation of contaminated water. Here the isolation of bacteria from soil, effluents, and river sediments contami-
nated with toxic metals permitted the selection of seven bacterial isolates tolerant to mercury and associated with a mucoid phe-
notype indicative of the production of EPS. Inductively coupled plasma-optical emission spectroscopy and transmission electron
microscopy in conjunction with X-ray energy dispersive spectrometry revealed that bacteria incubated in the presence of HgCl,

sequestered mercury extracellularly as spherical or amorphous deposits. Killed bacterial biomass incubated in the presence of
HgCl, also generated spherical extracellular mercury deposits, with a sequestration capacity (40 to 120 mg mercury per g [dry
weight] of biomass) superior to that of live bacteria (1 to 2 mg mercury per g [dry weight] of biomass). The seven strains were
shown to produce EPS, which were characterized by Fourier transform-infrared (FT-IR) spectroscopy and chemical analysis of
neutral-carbohydrate, uronic acid, and protein contents. The results highlight the high potential of Hg-tolerant bacteria for ap-
plications in the bioremediation of mercury through biosorption onto the biomass surface or secreted EPS.

hroughout the twentieth century, human activities such as

mining, chemical industries, and agriculture have yielded high
accumulations of toxic metals in the environment. These metals,
bioavailable and persistent (33), constitute a major environmental
problem, adversely affecting ecosystems and public health (24).
Mercury pollution is of real concern because of the high toxicity of
the metal and its translocation all along the food chain: mercury is
accumulated upward through the aquatic food chain and is trans-
formed to more-toxic organic mercury forms, mainly highly neu-
rotoxic methylmercury (24).

Toxic metals are difficult to remove from the environment,
since they cannot be chemically or biologically degraded and are
ultimately indestructible. Physicochemical remediation of metal-
polluted sites, from incineration of soils to chemical precipitation
or/and ion-exchange technologies, has been widely used but re-
mains costly and environmentally damaging. Biological ap-
proaches based on metal-resistant microorganisms have received
a great deal of attention as alternative remediation processes (20,
26). The biological methods used currently for mercury removal
consist of Hg?* reduction to volatile metal mercury by bacterial
strains harboring the mer resistance operon (1, 32, 35, 48). Live or
dead bacterial biomass has also been used for biosorption appli-
cations (52), which consist of passive immobilization of metals by
the biomass and can rely on different physicochemical mecha-
nisms, such as adsorption, surface complexation, ion exchange, or
surface precipitation (26). Biosorption appears to be a fast and
metabolism-independent process that allows the use of dead bio-
mass, in contrast to the intracellular metal accumulation process
called bioaccumulation (49). The applicability and benefits of
growing bacterial/fungal/algal cells and dead biomass for metal
removal through biosorption have been reviewed previously (3,
28). Both secreted extracellular polymeric substances (EPS) and

0099-2240/12/$12.00 Applied and Environmental Microbiology p. 1097-1106

cell walls have been shown to participate in this process (2). Bac-
teria appear to have a greater capacity to adsorb metals from so-
lutions than any other form of life, since they display the highest
surface-to-volume ratio (10). Several bacterial species have al-
ready been studied for their mercury sorption capacities (47), but
the bacterial biosorption mechanisms still have to be character-
ized further, in parallel with technological developments in biore-
mediation.

In this study, seven environmental bacterial strains tolerant to
mercury were isolated from soils, sediments, and effluents col-
lected at different metal-rich sites. They were selected for their
tolerance to mercury and their mucoid phenotypes, indicative of
EPS production. Metal depletion capacities were quantified by
inductively coupled plasma-optical emission spectroscopy (ICP-
OES) analysis and were compared for live and dead bacterial bio-
mass, which permitted differentiation between biosorption and
bioprecipitation processes. Metal accumulation was observed by
transmission electron microscopy (TEM) in conjunction with
X-ray energy dispersive spectrometry (XEDS) analysis. The EPS
associated with the cells or secreted in the supernatants were ex-
tracted and submitted to preliminary characterization.
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MATERIALS AND METHODS

Isolation of arsenic- and mercury-tolerant mucoid bacteria. As- and
Hg-tolerant bacteria were isolated from soils, effluents, and river sedi-
ments collected in the Vik i Myrdal black sand beach (volcanic area,
Southern Iceland), in the Petit Saut reservoir (French Guiana), and at the
edges of the Tinto and Odiel Rivers (mining area; Iberian Pyritic Belt,
Spain). The soil samples were mixed volume-to-volume with a sterile
saline solution (KCl, 8.5 g/liter). All the samples were sonicated briefly in
an ultrasonic bath, and enrichment cultures were prepared from a 1/5
dilution of the suspensions in poor broth (PB) nutrient medium (10 g/li-
ter Bacto tryptone, 5 g/liter NaCl [pH 7]) and were incubated for 24 h at
28°C under shaking. One hundred microliters of the enrichment cultures
was plated onto PB or Luria-Bertani (LB) (10 g/liter Bacto tryptone, 5
g/liter yeast extract, 10 g/liter NaCl [pH 7]) agar plates supplemented with
either 5 mM As,Os, 5 mM Na,HAsO,, or 10 uM HgCl,, and the cultures
were incubated for 1 week at 28°C. Colony types differing in shape, color,
and margin were isolated and streak purified. The isolated strains were
subcultivated onto LB agar alone or LB agar supplemented with 3% (wt/
vol) glucose for 1 week at 30°C, and strains with a mucoid phenotype were
selected.

Identification of mercury-tolerant mucoid bacteria. Bacterial iso-
lates were observed under a phase-contrast microscope to characterize
their morphology, their motility, and the presence or absence of en-
dospores. They were further identified by combining Gram staining and
16S rRNA gene sequencing. Fragments of the 16S rRNA gene from bac-
terial colonies were PCR amplified with the bacterial primer set 27F and
1385R (amplification of 1.5-kb fragments) (43) or BK1F et BK1R, specific
to the genus Bacillus (amplification of 1.1-kb fragments) (54) (see Table
S1 in the supplemental material), using Tag DNA polymerase with Ther-
moPol buffer (New England BioLabs, Ozyme, Saint-Quentin-en-
Yvelines, France). PCRs, performed in a Mastercycler thermal cycler (Ep-
pendorf, Le Pecq, France), included 28 cycles, each consisting of annealing
for 1 min at 51°C, elongation for 2 min at 72°C, and denaturation for 1
min at 95°C. PCR products were sequenced by Eurofins MWG Operon
(Ebersberg, Germany). The sequences were matched against nucleotide
sequences from GenBank using BLASTN (5).

Determination of metal tolerance levels. Susceptibilities to HgClL,
were determined for each selected strain in 96-well plates by using the
2-fold microdilution method (15) with slight modifications. The bacteria
were precultivated in LB medium for 16 h at 30°C, and a 1/100 dilution
was used to inoculate 100 ul LB or PB medium supplemented with HgCl,
(2 uM to 1 mM). Each metal concentration was tested in triplicate. Con-
trol wells contained either HgCl, or the bacterium in the culture medium
considered. After 48 h of incubation at 30°C under shaking (180 rpm),
growth was monitored by measuring the optical density at 595 nm on a
Multiskan FC plate reader (Thermo Fisher Scientific, Illkirch, France) and
subtracting the signals measured for the metal salts alone.

Metal depletion in culture supernatants and metal accumulation in
cell pellets. The bacterial strains were grown in 5 ml LB medium supple-
mented with glucose (3%, wt/vol) (LB/Glc) at 30°C under shaking. After
48 h of culture, 5 ml LB/Glc was added. After an additional 24 h, 5 ml
HgCl, solution (300 uM in LB/Glc) was added, and the cultures were
incubated for 24 h. The cultures were then centrifuged at 8,000 X g for 20
min. The supernatants were collected and were ultrafiltered with 100-
kDa-cutoft spin columns (15 ml; Vivaspin; Sartorius). The pellets were
washed once with LB medium and twice with sterile deionized water; then
they were dried at 50°C and weighed. Mercury analyses were subsequently
performed by ICP-OES as described below.

Metal removal by dead bacterial biomass. For each strain, dead bac-
terial biomass was obtained from a 48-h 1-liter culture in LB/Glc in the
absence or presence of HgCl, at a concentration equal to the MIC value
divided by 2. The dead bacterial biomass was centrifuged at 8,000 X g for
15 min. The pellets were washed twice, resuspended in sterile deionized
water, and heated at 120°C at 15 Ib/in? for 45 min. The absence of live
bacteria after this step was checked by plating onto LB agar plates. The
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mass concentration of dead bacteria was determined spectrophotometri-
cally at 620 nm by using a calibration curve previously established from
optical density measurements as a function of dry weights. Fifteen-
milliliter suspensions (3.3 mg bacterial biomass/ml) were incubated at
room temperature for 24 h under shaking in the presence of 1 or 2 mM
HgCl, and were then centrifuged at 8,000 X g for 15 min. The pellets were
washed three times with sterile deionized water and were dried at 50°C,
while the supernatants were filtered on 0.2- um-pore-size filter cartridges.

Hg(0) volatilization assay. The volatilization of Hg(0) was assessed
using the protocol described by Nakamura and Nakahara (34). The strains
were cultivated on LB agar plates supplemented with 40 uM HgCl, for
Microbacterium oxydans HG3, Ochrobactrum sp. strain HG16, Lysiniba-
cillus sp. strain HG17, Bacillus sp. strain CM111, and Serratia marcescens
HG19 and with 10 uM HgCl, for Kocuria rosea EP1 and Bacillus cereus
MMS8. After incubation for 24 h at 30°C, colonies were harvested and were
resuspended in 100 ul 0.07 M phosphate buffer (pH 7), containing 0.5
mM EDTA, 0.2 mM magnesium acetate, and 5 mM sodium thioglycolate,
either without HgCl, or with HgCl, at concentrations up to 100 uM. The
suspensions were diluted with buffer to give an optical density of 0.2 at 620
nm. The suspensions were transferred to a microplate, covered with a
sensitive film used for TEM photography (SO-163; Kodak), and cultivated
for 4 h at 30°C in the dark. The foggy areas on the film, due to reduction of
the Ag" emulsion of the film by the mercury vapor, were interpreted as
Hg(0) volatilization. Escherichia coli strain DU1040, which carries the mer
plasmid R831 (46), was used as a positive control. Sterile LB medium,
alone or with HgCl, at concentrations up to 100 uM, was used as a control
to assess the level of mercury volatilization due to the culture medium.

ICP-OES. Each sample of dry bacterial biomass was suspended in 1 ml
70% nitric acid and was heated at 60°C for 16 h. One milliliter of each
100-kDa filtrate was diluted 1:1 in 70% nitric acid and was heated at 60°C
for 16 h. After appropriate dilution of the samples, mercury analyses were
performed on a Vista-MPX optical emission spectrometer (Agilent,
Massy-Palaiseau, France). The ICP-OES system was calibrated by serial
dilutions of mercury standards within limits of detection ranging from 50
pg/liter to 50 mg/liter. The emission lines used for the analyses were
184.887 and 194.164 nm.

Statistical analysis. Statistical analysis was performed using R (http:
/[cran.r-project.org/). Means and standard deviations of values for ad-
sorbed Hg were calculated from triplicates of biomass-metal incubations
and subsequent ICP-OES measurements. To assess the significance of
differences in biosorption between strains, Kruskal-Wallis and Wilcoxon-
Mann-Whitney nonparametric tests were carried out. The significance
level was set at a P value less than 0.05.

TEM and XEDS. The bacterial cultures or dead bacterial biomass sus-
pensions (in the absence or presence of metal) were suspended in sterile
water and were deposited on carbon Formvar-coated electron microscope
grids (Electron Microscopy Sciences, Euromedex, Souffelweyersheim,
France) without staining. A JEM-2100 transmission electron microscope
(JEOL, Croissy-sur-Seine, France), equipped with a LaB electron source
and operated at 200 kV, was used to observe the bacteria. The images were
acquired with a 2K (2,000 pixel-by-2,000 pixel) charge-coupled device
(CCD) camera (Ultrascan 1000; Gatan). An X-ray energy dispersive spec-
trometer (XEDS) detector was used to acquire the X-ray spectra. X-ray
mapping was performed using XEDS in conjunction with a scanning
transmission electron microscopy (STEM) module. Tomography exper-
imental data were acquired with a tomography module monitored by
Digital Micrograph software (Gatan).

Isolation and chemical analysis of the EPS. Six-day-culture broths
(200 ml in LB/Glc) were centrifuged (6,000 X g, 30 min, 4°C). The EPS
were isolated either (i) from bacterial pellets or (ii) from supernatants. (i)
The cell pellets from the culture were suspended in 10 ml NaCl (20 g/liter)
in water and were centrifuged (6,000 X g, 30 min, 4°C). The resulting
pellets were suspended in 10 ml (10-g/liter) NaCl in water and were dia-
lyzed against water for 48 h (Spectra/Por dialysis membrane; molecular
size cutoff, 12 to 14 kDa). The dialyzed samples were centrifuged (6,000 X
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TABLE 1 Names, origins, and identification® of the mercury-tolerant strains selected in this study

HgCl, MIC
(uM) in the
following
Most similar species GenBank Gram medium
Isolate Environmental sample (% identity) accession no. reaction?” LB PB
MM8 Tinto River mining area (water + Bacillus cereus (99) FJ481923 + 30 15
sediments, pH 3)
HG17 Petit Saut, French Guiana (sediments) Lysinibacillus sp. (99) FJ228157 + 60 15
CMI111 Odiel River (water, pH 3.5) Bacillus sp. (99) FJ228158 + 100 30
EP1 Odiel River (sludge) Kocuria rosea (99) FJ228160 + 20 20
HG3 Vik, Iceland (black sand) Microbacterium oxydans (99) FJ228159 + 100 30
HG19 Petit Saut, French Guiana (sediments) Serratia marcescens (98) FJ228156 - 60 30
HG16 Petit Saut, French Guiana (sediments) Ochrobactrum sp. (99) FJ228161 — 60 30

@ Based on 16S rRNA gene sequences and HgCl, MICs.
b +, Gram positive; —, Gram negative.

¢ The following MICs are given for comparison: for E. coli DU1040 (carrying plasmid R831 harboring the mer operon and therefore resistant to mercury through reduction and
volatilization), 60 uM in LB and 30 uM in PB medium; for Bacillus sp. MM3 (isolated in this study and considered nonresistant), 10 uM in LB and 4 uM in PB medium; for
Bagcillus cereus GTC 02826 (reference strain), 15 uM in LB and 8 uM in PB medium; and for Bacillus subtilis subsp. subtilis DSM 10 (reference strain), 15 uM in LB and 4 uM in PB

medium.

¢ 30 min, 4°C), and the supernatants were lyophilized and stored at 4°C.
(ii) The culture supernatants were pressure-filtered through cellulose ni-
trate filters (pore sizes, 5 wm, 3 wm, and 0.45 wm; Whatman). After the
addition of cold ethanol (ethanol/filtrate ratio, 2:1), the solutions were
kept at 4°C overnight. The EPS precipitates were recovered by centrifuga-
tion (6,000 X g, 30 min, 4°C). The pellets were suspended in water and
were dialyzed against water (Spectra/Por dialysis membrane; molecular
size cutoff, 12 to 14 kDa). The dialyzed samples were lyophilized and
stored at 4°C. The protein contents of EPS were determined by the Brad-
ford method (12), using bovine serum albumin as a standard (Roti-
Quant; Carl Roth, Lauterbourg, France). The total neutral-carbohydrate
contents were determined by the phenol-sulfuric acid method (16), using
p-glucose as a standard. The uronic acid contents were determined by the
meta-hydroxydiphenyl method (11), using p-glucuronic acid as a stan-
dard. Cultures, extractions, and determinations of protein, carbohydrate,
and uronic acid contents were performed in triplicate.

Gel electrophoresis and mass spectrometry analysis of the EPS. The
EPS extracted from Lysinibacillus sp. HG17 were analyzed by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), according
to the method of Laemmli (25), on a 10% polyacrylamide gel. A broad-
range protein marker (New England BioLabs) was used as a molecular
weight (MW) reference. The proteins were visualized by Coomassie blue
staining. The major band was excised from the gel and was washed suc-
cessively, twice with 25 mM NH,HCO; (pH 8), once with 50% acetoni-
trile in 25 mM NH,HCO; (pH 8), once with 25 mM NH,HCO; (pH 8),
and once with water, before being vacuum dried. The gel slices were re-
hydrated with 50 ul digestion buffer (25 mM NH,HCO;, 5 mM CaCl,
[pH 8.0], containing 20 ng/ul trypsin from bovine pancreas [T8642;
Sigma]) and were incubated for 16 h at 37°C under shaking. Supernatants
were collected. Gels were washed once with 0.1% formic acid in water and
once with acetonitrile, and the extracts were combined with the superna-
tants that had been collected formerly. The pooled supernatants were
vacuum dried, resuspended in 50 ul 0.1% formic acid in water-
acetonitrile (90:10), and analyzed by liquid chromatography-mass spec-
trometry (LC-MS). The LC-MS analysis was conducted on an Ultimate
3000 Micro-HPLC system (Dionex, Voisins-le-Bretonneux, France) con-
nected to an electrospray ionization (ESI)-hybrid quadrupole time-of-
flight (QqTOF) QSTAR Pulsar mass spectrometer (Applied Biosystems,
Les Ulis, France) equipped with an ion spray source. Separation was
achieved in a Strategy C,4(2) column (internal diameter, 1 mm; length,
150 mm; pore size, 100 A; particle size, 5 um) (Interchim, Montlugon,
France) by using a gradient of water plus 0.1% formic acid (solvent A) and
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acetonitrile (solvent B) at 40°C and 40 ul - min—!, with a linear increase
from 10% to 70% solvent B within 25 min, followed by a linear increase to
100% solvent B in 5 min. The MS instrument was operated in positive
mode using information-dependent acquisition (IDA). This mode com-
pletes a series of 1-s survey scans (m/z detection range, 250 to 1,300)
followed by two 2-s tandem MS (MS-MS) experiments on the two most
intense peaks from the survey scan, as long as they have not been frag-
mented in the last 2 min (m/z detection range, 50 to 1,500). The data
generated were analyzed with the MASCOT MS-MS ion search engine
(41).

FT-IR spectroscopy. Pellets for Fourier transformed-infrared (FT-IR)
analysis were obtained by grinding a mixture of 2 mg EPS with 200 mg dry
KBr and then pressing the mixture into a 16-mm-diameter mold. The
FT-IR spectra were recorded on an 8400S spectrometer (Shimadzu,
Champs-sur-Marne, France) with a resolution of 1 cm ™!, in the 4,000- to
400-cm™ ! region.

Nucleotide sequence accession numbers. The sequences determined
in this study were deposited in GenBank under accession numbers
FJ481923, FJ228159, FJ228161, FJ228157, FJ228156, FJ228160, and
FJ228158.

RESULTS

Isolation and identification of mercury-tolerant bacteria.
Mercury-tolerant bacteria from soil, sediments, and effluent sam-
ples collected in Southern Iceland and French Guiana were iso-
lated on poor broth (PB) or Luria Bertani (LB) medium in the
presence of 10 uM HgCl,, a typical concentration for the isolation
of resistant strains (37, 44). Eighty bacterial isolates were obtained
after a 1-week incubation at 30°C. In addition, 40 strains isolated
for their resistance or tolerance to arsenic from soil and sediment
samples collected at the edges of the Tinto and Odiel Rivers were
screened for their levels of resistance/tolerance to mercury. The
mercury MICs (i.e., the lowest concentrations that caused 100%
growth inhibition) were measured in LB culture. One hundred
five strains revealed tolerance to 10 uM HgCl,. Seven strains were
further selected for showing both mercury tolerance levels in the
20 to 100 uM range and enhanced mucoid phenotypes when
grown on LB agar medium supplemented with glucose (Table 1).
It must be noted that the MICs for these strains in PB were gener-
ally lower than those measured in LB, with values in the 15 to 30
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FIG 1 ICP-OES quantification of mercury removal by living bacterial bio-
mass. (A) Quantification of mercury contents (expressed as percentages of the
initial metal content) of bacterial pellets (shaded areas of bars) and culture
supernatants (open areas of bars) after cultivation of bacteria in the presence of
100 uM HgCl,. (B) Mass of mercury (expressed as milligrams per gram [dry
weight] of bacterial biomass) after cultivation in the presence of 100 uM
HgCL, Error bars represent standard deviations for triplicate experiments.

uM range. The mucoid phenotype was considered an indicator of
a propensity to produce EPS. The bacteria were identified by 16S
rRNA gene sequencing (Table 1) (primers are listed in Table S1 in
the supplemental material, and a phylogenic tree is shown in Fig.
S1 in the supplemental material), and the sequences were depos-
ited in GenBank. Of the seven strains selected, all except HG16
and HG19 were Gram positive, and three were Bacillus or Lysini-
bacillus species (MM8, CM111, and HG17).

Measurements of mercury removal by growing bacteria. For
each selected strain, the mercury removal properties were assessed
by measuring metal depletion in culture supernatants and metal
accumulation in cell pellets by inductively coupled plasma-optical
emission spectroscopy (ICP-OES) (Fig. 1). The supernatants were
filtered on 100-kDa-cutoff ultrafiltration cartridges prior to quan-
tification in order to suppress the potential contribution of the
secreted bacterial EPS to metal adsorption. Mercury removal was
observed for all strains, resulting in 18 to 97% depletion of the 100
MM mercury initially present in the culture medium (Fig. 1A).
The maximum ratio of sorption to cell biomass was measured for
S. marcescens HG19, a strain that triggered mercury precipitation
visible to the naked eye. For K. rosea EP1 and, to a minor extent,
Ochrobactrum sp. HG16 and Lysinibacillus sp. HG17, the sum of
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the percentages of mercury in the supernatants and the bacterial
pellets did not reach 100%. This trend suggests that these strains
would secrete EPS that are able to bind mercury, which would be
eliminated during the ultrafiltration step. The content of mercury
within bacterial pellets was about 2 mg per g (dry weight) of pellet
(Fig. 1B), with Lysinibacillus sp. HG17 and Bacillus sp. CM111
showing maximum values. The values measured for mercury in
the pellet fraction displayed important variability, which might be
due to depletion of Hg-rich material during the washing steps.

Observation of metal accumulation within bacterial bio-
mass. The selected bacteria were observed by TEM after incuba-
tion in the presence of HgCl,, and XEDS was used to characterize
their elemental composition (Fig. 2; see also Fig. S2 and S3 in the
supplemental material). XEDS clearly showed the presence of
mercury, through the characteristic La and LB emission peaks
(9.99 and 11.82 keV, respectively), together with the Ma and M3
peaks (2.19 and 2.28 keV, respectively), the latter overlapping the
Ka peak of the element S (2.31 keV). For S. marcescens HG19 and
M. oxydans HG3, black precipitates were visible to the naked eye
within the bacterial cultures. The corresponding TEM observa-
tions showed that these were amorphous extracellular precipitates
(Fig. 2A and B; see also Fig. S2E2 and F2 in the supplemental
material). The other mercury deposits observed consisted either
of amorphous extracellular aggregates located next to the bacterial
surface, for Ochrobactrum sp. HG16 and Lysinibacillus sp. HG17
(Fig. 2C and D; see also Fig. S2B2 and G1 in the supplemental
material) or of spherical deposits, for every strain except S. marc-
escens HG19 (Fig. 2E and F; see also Fig. S2A2, B2, C2, D2, E1, and
G2 in the supplemental material), with a 10- to 100-nm diameter
(data not shown). The chemical composition of the mercury de-
posits was difficult to assign given the contribution of the spectra
of the surrounding bacteria. X-ray cartography experiments per-
mitted us to better localize the mercury within the bacterial bio-
mass, showing a concentration inside amorphous and spherical
deposits and a diffuse localization over the bacteria (see Fig. S3 in
the supplemental material for K. rosea EP1). In order to assess the
intra- or extracellular localization of the spherical mercury depos-
its, tomography experiments were carried out. They consist in
tilting the grid and recording successive TEM photographs,
thereby making possible a 3-dimensional (3D) visualization of the
bacteria. Such experiments suggested an extracellular localization
of the spherical deposits (see Movie S5, recorded for K. rosea EP1,
in the supplemental material). However, this trend is clear only for
the deposits located on the sides of the pictures generated. There-
fore, intracellular localization of the metal cannot be completely
ruled out.

Absence of resistance based on Hg(0) volatilization. The
usual resistance system of bacteria toward mercury is conferred by
the mer operon and relies on mercury reduction and volatilization
(9, 35). It involves the conversion of Hg(II) to Hg(0) catalyzed by
the mercuric ion reductase MerA, followed by the passive diffu-
sion of Hg(0) out of the cell. Our objective was to select bacteria
with an alternative resistance mechanism, based on biosorption.
Thus, we checked the absence of mercury resistance based on re-
duction and volatilization by using a functional test carried out to
detect the release of Hg(0) by bacteria growing in the presence of
HgCl, (see Fig. $4 in the supplemental material). Fogging of the
X-ray film appeared for the positive control Escherichia coli
DU1040 but either was not detected or was negligible for the seven
strains tested. These results indicated that the tolerance of the
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FIG 2 XEDS analyses of mercury deposits observed for bacteria cultivated in the presence of HgCl,. (A and B) Extracellular precipitates; (C and D) extracellular
deposits of mercury within EPS; (E and F) regions rich in spherical precipitates. XEDS spectra obtained for S. marcescens HG19 (A), M. oxydans HG3 (B),
Ochrobactrum sp. HG16 (C), Lysinibacillus sp. HG17 (D), Bacillus sp. CM111 (E), and Lysinibacillus sp. HG17 (F) are shown. (Insets) TEM pictures showing the

deposits analyzed (indicated by arrows). Bars, 0.5 wm.

tested bacteria to mercury could rely on biosorption or precipita-
tion of the metal rather than on Hg(0) volatilization.

Mercury biosorption by dead bacterial biomass. The selected
bacteria, cultivated in the absence or in the presence of 20 uM
HgCl,, werekilled and incubated in the presence of HgCl, in order
to assess the mercury removal capacity of the dead bacterial bio-
mass. The presence of mercury during cultivation did not modify
the mercury removal capacity of dead bacterial biomass (data not
shown). Therefore, only the results obtained for bacteria culti-
vated in the absence of mercury are presented here. With dead
bacterial biomass, the HgCl, concentration was not limited by the
tolerance of bacteria for the toxic metal. Therefore, the removal
capacities of dead bacterial biomass were measured after incuba-
tion in the presence of 1 and 2 mM HgCl,. Measurements were
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carried out for all the strains except S. marcescens HG19, given the
absence of mercury deposits observed by TEM-XEDS for this
strain (see below). For the other six strains, dead biomass induced
35 to 85% depletion of the initial 2 mM HgCl, (Fig. 3A). The
mercury content was 40 to 120 mg per g (dry weight) of dead
biomass (Fig. 3B). The best adsorption capacities were found for
Lysinibacillus sp. HG17 and Bacillus sp. CM 111, as with the grow-
ing bacteria. In order to help ascertain the specificity of the prop-
erties described for the selected strains, the biosorption capacity of
dead bacterial biomass was measured for three additional strains:
Bacillus sp. strain MM3, isolated in this study (GenBank accession
number FJ228146.1), and two Bacillus reference strains, B. cereus
GTC 02826 and Bacillus subtilis subsp. subtilis DSM 10 (see Fig. S1
in the supplemental material). These strains were considered non-
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FIG 3 ICP-OES quantification of mercury removal by dead bacterial biomass. (A) Quantlﬁcatlon of the mercury contents (expressed as percentages of the initial
metal content) in bacterial pellets (gray areas of bars) and supernatants (open areas of bars) after incubation of dead bacterial biomass in the presence of 2 mM
HgClL,. (B) Mass of mercury (expressed as milligrams per gram [dry weight] of bacterial biomass) after incubation of dead bacterial biomass in the presence of
1 mM (shaded bars) or 2 mM (filled bars) HgCL,. Error bars represent standard deviations for triplicate experiments. Although the Kruskal-Wallis test performed
on the whole set of strains revealed a nonhomogeneous distribution of the mass (mg/g) and content (percentage) of Hg within the pellets for all strains (P =
0.003), no significant difference between strains was found by using the pairwise Wilcoxon-Mann-Whitney test.

tolerant to mercury as determined by MIC measurements (Table
1). The mercury biosorption capacities of these strains appeared
close to that of Bacillus cereus MMS8 and lower than those of the
other strains, although statistical analysis did not permit us to
show significant differences between strains.

TEM observations revealed a high content of mercury within
dense spherical deposits for the killed bacterial biomass of every
strain incubated in the presence of 100 uM HgCl,, except S. marc-
escens HG19 (see Fig. S2A3 to G3 in the supplemental material).
The number of deposits per bacterium was particularly high for
Bacillus sp. CM111 (see Fig. S2C3). The precipitates observed for
the live bacteria S. marcescens HG19 and M. oxydans HG3 were

absent for the dead biomass, revealing that these precipitates de-
pend on a specific metabolic process.

Characterization of the production of EPS. The mucoid phe-
notype and the mercury biosorption capacity of the selected
strains suggested that they produced EPS. Therefore, we searched
for EPS in both the culture pellets and the supernatants of the
seven selected strains, and colorimetric quantification of the pro-
teins, neutral carbohydrates, and uronic acids was performed on
the isolated materials (Table 2). Production of EPS was observed
for every strain, although it was very weak for B. cereus MM8 and
M. oxydans HG3. The most abundant secreted EPS were observed
for Ochrobactrum sp. HG16, K. rosea EP1, and Lysinibacillus sp.

TABLE 2 Masses and compositions of the EPS extracted from the supernatants and the pellets of the bacteria cultivated in LB/GIc?

Supernatant

Pellet

Mass (mg/200 Content (ug/g) of:

Mass (mg/200 Content (ug/g) of:

Strain ml of culture)  Protein Carbohydrate ~ Uronicacid  ml of culture)  Protein Carbohydrate ~ Uronic acid
B. cereus MM8 34 15.9 (1.6) 520.8 (7.9) 11.7 (2.8) 1 156.1 (51.7)  46.3 (9.0) 7.0 (1.4)
Lysinibacillus sp. HG17 59 212.0 (6.7)  361.5 (54.6) 9.7 (2.1) 6 365.3(28.7)  337.9 (33.4) 11.5 (2.1)
Bacillus sp. CM111 42 22.9(2.2)  383.0 (6.8) 10.3 (2.2) 48 128.3 (21.2)  70.7 (5.9) 9.7 (2.0)

K. rosea EP1 67 96.6 (13.2)  377.9(72.1) 35.7 (3.7) 6 351.8 (74.0)  227.6 (15.0) 23.1 (4.1)
M. oxydans HG3 25 283(7.4)  389.4 (31.0) 12.6 (1.2) 2 59.4 (6.5) 163.3 (12.3) 34.5 (3.8)
S. marcescens HG19 38 27.4(9.0) 4672 (61.0) 25.6 (4.9) 214 47.2 (6.6) 152.6 (16.8) 23.7 (5.9)
Ochrobactrum sp. HG16 115 15.5(3.1) 519.6 (29.6) 10.6 (2.1) 3 166.4 (34.6)  508.9 (69.1) 95.1 (12.7)

@ Values in parentheses are standard deviations for triplicate extractions.
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FIG 4 FT-IR spectra of the EPS extracted from supernatants (A) and pellets (B) of mercury-tolerant bacteria. The spectra of the EPS extracted from K. rosea EP1,
Lysinibacillus sp. HG17, and Bacillus sp. CM111 are shown as solid, dashed, and dotted lines, respectively.

HG17, while S. marcescens HG19 and Bacillus sp. CM111 showed
the most abundant cell-associated EPS (Table 2). A capsule was
observed for Bacillus sp. CM111 by India ink staining (data not
shown) and scanning electron microscopy (see Fig. S6 in the sup-
plemental material). The EPS from Bacillus sp. CM111 and S.
marcescens HG19, which appeared mainly as bacterium-
associated EPS (Table 2), showed reduced contents of protein and
neutral carbohydrates, suggesting the presence of other entities,
such as lipids and/or modified carbohydrates. The secreted EPS of
Ochrobactrum sp. HG16, K. rosea EP1, and Lysinibacillus sp. HG17
were composed mainly of neutral carbohydrates, with various
protein contents (highest for HG17, intermediate for EP1, and
lowest for HG16). The highest protein content was measured in
the EPS isolated from both the supernatants and the pellets of
Lysinibacillus sp. HG17. The EPS extracted were further charac-
terized by Fourier transform-infrared (FT-IR) spectroscopy (Fig.
4), which showed the typical absorption bands for carbohydrates
(a broad O—H elongation band in the 3,200- to 3,700-cm™!
range; bands in the 1,000- to 1,200-cm ™! range assigned to C—O
elongation), as well as bands characteristic of proteins (elongation
of amide C=0 between 1,680 and 1,630 cm™!; bending N—H
amide band between 1,550 and 1650 cm—!). The relative intensi-
ties of the protein and carbohydrate bands were in agreement with
the colorimetric quantification measurements. Finally, the
stretching P=0 band at 1,210 to 1,140 cm™' permitted us to
determine the presence of phosphate in the EPS extracted from
both the pellets and the supernatants of Lysinibacillus sp. HG17
and Bacillus sp. CM111. The EPS extracted from Lysinibacillus sp.
HG17, which displayed the highest protein content, were further
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characterized by SDS-PAGE, followed by in-gel digestion and
LC-MS analysis (see Fig. S7 in the supplemental material). A ma-
jor band corresponding to a protein with a molecular size of 120
kDa was detected on the SDS gel for the EPS extracted from both
the supernatant and the pellet (see Fig. S7A). In-gel digestion of
this protein and LC-MS analysis of the digest in the IDA mode,
which permits multiple data-dependent MS-MS experiments,
were conducted. The data generated permitted the identification
of 9 peptides corresponding to SbpA, an S-layer protein from
Lysinibacillus sphaericus CCM2177 (see Fig. S7B) (GenBank acces-
sion number AAF22978.1). S-layers are exoproteins that form bi-
dimensional crystalline arrays, which cover the bacterial cell sur-
face and can participate in cell protection and cell adhesion (45).
The peptides that were matched to the SbpA sequence are located
in the N-terminal region of the protein (see Fig. S7C), which con-
tains three S-layer homology (SLH) domains. These domains are
conserved regions that permit noncovalent anchoring of S-layer
proteins and other exoproteins to the cell surface through inter-
action with cell wall carbohydrates (31). Therefore, these results
permit us to propose that the EPS produced by Lysinibacillus sp.
HG17 consists of an S-layer protein.

DISCUSSION

This study aimed at selecting environmental bacteria tolerant to
mercury through extracellular sequestration by using two selec-
tion criteria: (i) tolerance to mercury and (ii) a mucoid pheno-
type, indicative of the production of EPS. The production of EPS is
intimately linked to adherence processes, such as the formation of
biofilms, and is one of the mechanisms associated with antibiotic
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and metal resistance (7). Biofilm EPS can play a substantial role in
the biosorption and biomineralization of metal ions (40). In par-
ticular, secreted exopolysaccharides have been recognized for sev-
eral decades as important contributors to metal biosorption by
microorganisms (13, 36).

The strains selected here displayed MICs ranging from 20 to
100 uM in LB medium and from 15 to 30 uM in PB medium,
ranges typical for mercury-tolerant or -resistant bacteria (8, 51).
The metal sequestration capacities of live bacterial biomass were
about 1 to 2 mg per g (dry weight) of bacteria. Previous studies
reported similar ranges of mercury biosorption capacities for
wild-type strains of Bacillus (22) and Pseudomonas (38) and for an
engineered strain of Escherichia coli producing the mer-regulatory
protein MerR on the cell surface (6). As determined by TEM-
XEDS analyses, all the selected strains grown in the presence of 100
uM HgCl, displayed extracellular mercury deposits within pre-
cipitates, amorphous extracellular aggregates, and/or spherical
deposits (Fig. 2; see also Fig. S2 in the supplemental material),
together with diffuse deposits at the bacterial surface (see Fig. S3 in
the supplemental material for Kocuria rosea EP1).

Mercury deposits associated with dead bacterial biomass (see
Fig. S2A3 to G3 in the supplemental material) are indicative of a
passive process, i.e., biosorption at the bacterial surface and/or
through cell wall-associated EPS, as proposed for the metal-
binding capacities of a collection of Bacillus sphaericus strains (50).
The observation of extracellular spherical deposits for all dead
bacteria except HG19 suggested that for these strains, the bacterial
cell wall or cell wall-associated EPS involved in the biosorption
process were preserved after the killing step (the secreted EPS were
eliminated during the washing of the dead bacterial biomass). The
similar aspects of the deposits observed for all the selected bacteria
suggested a nonspecific biosorption process. Bacterial cell walls
have high affinities for dissolved metals, and generally, metal
binding occurs after initial metal complexation and neutralization
of the chemically active sites (10). Cell walls of microbial biomass
offer particularly abundant metal-binding functional groups,
such as carboxylate, hydroxyl, sulfate, phosphate, and amino
groups. In addition, the cell wall peptidoglycan and/or cell wall-
associated EPS, such as components of capsules and slimes, or
proteinaceous S-layers, can constitute effective biosorption matri-
ces (52). Three of the seven strains selected here belong to the
genus Bacillus or Lysinibacillus, whose metal biosorption proper-
ties have already been reported (22, 27, 42, 50) and which display
a high propensity to produce a capsule (29) and/or secreted ex-
opolysaccharides (55) and/or an S-layer (30, 42) with potential
biosorption capacities. The high quantity of EPS extracted from
the pellet of Bacillus sp. CM111 (Table 2) and the important de-
position of mercury at the bacterial surface (see Fig. S2C3 in the
supplemental material) suggest that for this strain, biosorption of
mercury would rely on surface EPS. The observation of a capsule
for this strain (see Fig. S6 in the supplemental material) corrobo-
rates this hypothesis. A surprising result is the large amount of EPS
extracted from the pellet of S. marcescens HG19 (Table 2), al-
though this strain showed no mercury deposition in TEM obser-
vations (see Fig. S2F3 in the supplemental material). This result
could be explained by the fact that the Serratia marcescens mem-
brane is very hydrophobic and is composed mainly of lipopoly-
saccharide (LPS) (23), which might not adsorb mercury under the
conditions tested or might be altered during the killing step.

Based on our results, we proposed for each strain a main tol-
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TABLE 3 Main mercury tolerance mechanisms and hypotheses on the
nature of the EPS produced by the selected strains

Main tolerance

Isolate mechanism Nature of EPS

Bacillus cereus MM8  Biosorption Secreted exopolysaccharide

Lysinibacillus sp. Biosorption EPS with high protein content
HG17 (S-layer)

Bacillus sp. CM111  Biosorption Surface EPS (capsule)

Kocuria rosea EP1 Biosorption Secreted exopolysaccharide

Microbacterium Mercury precipitation Secreted exopolysaccharide
oxydans HG3

Serratia marcescens ~ Mercury precipitation Surface EPS (LPS?)
HGI19

Ochrobactrum sp. Biosorption Secreted exopolysaccharide
HG16

erance mechanism and a hypothesis on the nature of EPS (Table
3). For S. marcescens HG19 and M. oxydans HG3, a tolerance
mechanism relying on extracellular precipitation was identified.
In contrast to the other strains, S. marcescens HG19 showed no
accumulation other than precipitates, and its dead biomass
showed no metal sequestration. Thus, this strain can sequester
mercury only through precipitation, not through biosorption.
Precipitation of mercury with sulfide or organosulfur compounds
is a detoxification mechanism described as a mercury tolerance
mechanism rather than an effective resistance process (4, 21). Pre-
cipitation of HgS by bacteria releasing H,S has been proposed as a
method for mercury removal (4, 17-18). Mercury precipitation
can also result from the production of volatile organosulfur com-
pounds, yielding precipitates containing mercury together with
sulfur and carbon (17). Since the release of dimethyl disulfide has
been reported previously for a Serratia marcescens strain (40), a
precipitate containing Hg, S, and C can be proposed here for S.
marcescens HG19. When Ochrobactrum sp. strain HG16 and K.
rosea EP1 were incubated in the presence of mercury, they did not
display precipitates but rather mercury accumulations within
spherical deposits or amorphous aggregates, attributed to bio-
sorption processes (see Fig. $2D2, G1, and G2 in the supplemental
material). Furthermore, the low retention of mercury within the
bacterial biomass (Fig. 1A) and the large amounts of EPS extracted
from the supernatants of these strains (Table 2) suggested a mech-
anism based on biosorption by secreted EPS. Bacteria of the genus
Kocuria have been detected previously in waste industry samples
contaminated with heavy metals (19), but the metal tolerance/
resistance mechanisms of these bacteria remain unknown. Bacte-
ria of the genus Ochrobactrum have been reported to display metal
biosorption properties through the production of exopolysaccha-
rides (39), which supports our hypothesis. The biosorption of
mercury within secreted EPS for K. rosea EP1, Ochrobactrum sp.
HGL16, and Lysinibacillus sp. HG17 could explain the high vari-
ability of the quantification of mercury within live bacterial bio-
mass (Fig. 1B), which would result from variations in the deple-
tion of extracellular substances loaded with mercury during the
ultrafiltration and washing steps. Lysinibacillus sp. strain HG17
cultivated in the presence of 100 uM HgCl, displayed mercury
deposits within amorphous aggregates or spherical deposits (see
Fig. S2B2 in the supplemental material), while only spherical de-
posits were observed after incubation of the dead bacterial bio-
mass with mercury (see Fig. S2B3), suggesting a dual biosorption
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process involving both secreted EPS and the cell wall or cell wall-
associated EPS. The high protein content of the EPS suggests that
they consist mainly of an exoprotein. The characterization of pep-
tides corresponding to the N-terminal region of SbpA, an S-layer
protein from Lysinibacillus sphaericus CCM 2177, permitted us to
propose that Lysinibacillus sp. HG17 produces an S-layer. S-layer
proteins contain a well-conserved N-terminal region, are highly
variable in their central and C-terminal regions, and can harbor
posttranslational modifications, such as glycosylation and phos-
phorylation (45). This can explain why only peptides correspond-
ing to the N-terminal region of the Lysinibacillus sp. HG17 S-layer
were identified. Both live and dead biomass of Lysinibacillus spha-
ericus strains has been reported to show toxic-metal biosorption
properties (50), which have been attributed to the binding of
metal to S-layers (30, 42).

High metal concentrations or extreme pHs are limiting factors
for the use of live bacterial cells as a tool for bioremediation. In
addition, the use of dead bacterial biomass avoids mercury vola-
tilization by bacterial strains harboring the mer operon. For all
seven selected strains except S. marcescens HG19, the biosorption
capacities of the dead bacterial biomass (40 to 120 mg per g [dry
weight] of biomass) were in the range reported for resistant or
tolerant bacterial and yeast strains: as much as 400 mg per g for
Pseudomonas aeruginosa and cyanobacteria (14) and 65 mg/g for
Saccharomyces cerevisiae (53). All the bacteria selected here, except
S. marcescens HG19, are potential mercury biosorbents that could
be used as dead bacterial biomass or as EPS secretors. These bac-
teria thus appear to be promising tools for bioremediation appli-
cations in a sustainable-development context, since their dead
biomass can mostly be considered an inert support that is easy to
use without the need for conservation conditions and without the
dissemination of live bacteria in the environment. In addition,
four strains display biotechnological potential owing to the mol-
ecules involved in mercury biosorption: secreted exopolysaccha-
rides (K. rosea EP1, Ochrobactrum sp. HG16), S-layer protein
(Lysinibacillus sp. HG17), and capsule components (Bacillus sp.
CM111).
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